The nonnative vine Vincetoxicum rossicum threatens several ecosystems in the Lower Great Lakes Basin of North America. One feature that may contribute to its invasiveness is the production of some seeds with multiple embryos (polyembryony), which may be benefi cial as a bet-hedging strategy in variable environments. However, lower seed reserves per embryo in polyembryonic seeds may entail costs in low-light environments. The effect of seed from three embryonic classes (1, 2, or 3 embryos/seed) on V. rossicum survival and growth was studied under two forest understory light environments: full canopy (shade) or canopy gaps (light) in New York state. Two seedling cohorts were planted, in May 2004 and in May 2005. The survival and growth of seedlings was monitored biweekly for two (2005 cohort) or three (2004 cohort) seasons. For both cohorts, plants grown in canopy shade had reduced survival and growth compared with those grown in gaps. Contrary to expectations, seed embryo number had no effect on the fi nal height, survival, or dry mass of plants in either habitat. Our results suggest that any fi tness advantage provided by polyembryony may be habitat (light) dependent and not a general trait that affords V. rossicum a benefi t in all habitats colonized.
Invasive nonnative plants are disrupting natural habitats and reducing species diversity in ecosystems throughout the world ( D ' Antonio and Vitousek, 1992 : Pimm et al., 1995 . Ecological research on invasives to date has focused largely on identifying attributes of these plants that make them successful invaders as well as on determining those characteristics of a habitat that make it more susceptible to invasion by nonnative species ( Vitousek, 1990 ; Gordon, 1998 ; Hierro et al., 2005 ; Richardson and Py š ek, 2006) . Two plant traits that have been repeatedly identifi ed as particularly important in the invasion process are fecundity (Richardson and Cowling, 1992) and the ability to survive under variable environmental conditions ( Groves, 1986 ; Holdgate, 1986 ; Roy, 1990 ; Goodwin et al., 1999 ; Richards et al., 2006 ) .
During the last decade, the nonnative invasive vine pale swallow-wort or dog-strangling vine, Vincetoxicum rossicum (Kleopow) Barbar. [Apocynaceae; syn. Cynanchum rossicum (Kleopow) Borhidi], has become increasingly problematic in both natural and seminatural systems of the Great Lakes Basin ( Sheeley and Raynal, 1996 ; DiTommaso et al., 2005b ) . Dense monospecifi c stands of V. rossicum in alvar (i.e., shallow limestone barrens) systems have disrupted nesting sites of native grassland birds and threatened endangered plant species ( Bonanno, 1999 ; Lawlor, 2000 ; DiTommaso et al., 2005b ) .
The presence of this species may also threaten native butterfl ies through competition with native hosts and disruption of ovipositioning and larval development ( DiTommaso and Losey, 2003 ; Mattila and Otis, 2003 ; Casagrande and Dacey, 2007 ) . Unfortunately, control efforts to date aimed at V. rossicum have been largely ineffective. The lack of effective control methods has resulted in substantial increases in population densities and distribution of this invasive vine in both full sun old-fi eld habitats and shaded forest understories in its introduced North American range ( DiTommaso et al., 2005b ) .
Differences in the light environment of plants can have signifi cant effects on their survival and growth ( Kaelke et al., 2001 ; Brainard et al., 2005 ; Cole and Weltzin, 2005 ; Moran and Showler, 2005 ; Leicht and Silander, 2006 ; Flory et al., 2007 ) . Light availability also plays a major role in determining how plants allocate resources to different structures ( Morgan and Smith, 1979 ) . For example, under low light, Impatiens parvifl ora DC. can increase internode length as a shade avoidance response ( Young, 1981 ) . Although most plant species are adapted to habitats with a narrow range of light availabilities (e.g., open habitats or forest understories), some plants can establish and grow in habitats having a broad range of light availabilities because they possess a greater degree of phenotypic plasticity than more habitat-restricted species ( Sultan, 1987 ( Sultan, , 2000 Richards et al., 2006 ) .
Seeds of V. rossicum are polyembryonic, a characteristic that is prevalent in gymnosperms but is relatively uncommon in angiosperms ( Maheshwari, 1950 ) . Polyembryony is the occurrence of multiple embryos in a single seed ( Lakshmanan and Ambegaokar, 1984 ) . The location within the seed where the multiple embryos develop can be used to distinguish between several known types of polyembryony. The multiple embryos in V. rossicum are derived from either the nucellar cells in the micopylar region of the seed coat ( von Hausner, 1976 ) 
MATERIALS AND METHODS
Seed collection and germination -Mature follicles of V. rossicum used for this study were collected from an ecotone population found between an old fi eld and mixed deciduous forest in Henderson Shores, New York (2005) weighing between 5.1 -7.0 mg were placed in plastic containers lined with moistened paper towels and cold stratifi ed in a refrigerator at 4 ° C for 10 d. We chose seeds within this relatively narrow range for mass to assess strategies for allocating limited resources in polyembryonic V. rossicum . To stimulate germination, we moved containers to a growth chamber having a 14-h photoperiod and 32/25 ° C day/night temperatures for 8 d. At the end of this period, seeds were classifi ed into one of four embryonic classes (i.e., 1, 2, 3, and 4+) based on the number of visible, unbranched radicles (~0.5 cm length) that emerged. We did not base our seed classifi cation on the presence of hypocotyls because most of these structures were not visible at this time. Only seeds in the fi rst three classes were used for this study because of a limited number of seeds with more than four embryos.
Seedling production -In 2004, individual germinated seeds were planted at a depth of 1 cm in 125-cm 3 peat pots containing moistened Cornell soil mix (1 : 1 : 1 peat, perlite, and vermiculite without nutrients). Because of a shortage of seeds producing three radicles (i.e., triplets), only 161 triplet seeds were planted, whereas a total of 200 seeds each producing two (doublets) and one (singlets) radicle were planted. In 2005, 336 seeds of each embryonic class were planted. Trays containing 36 peat pots planted to a single embryonic class were watered and placed in a greenhouse having a 15-h natural photoperiod and 24/21 ° C day/night temperatures for the 2004 cohort. The 2005 cohort was planted in plastic trays with 120 individual compartments (80 cm 3 ) containing moistened Cornell soil mix. Tray positions in the greenhouse were rerandomized weekly to reduce variability in growing conditions. Seedlings were watered daily but were not fertilized. ( Seefeldner, 1912 ) . Embryo cleavage results in genetically identical embryos that are different from the mother ' s genotype. Cleavage, the simplest method to produce additional embryos, is commonly found in gymnosperms.
Adventitious polyembryony results when embryos, additional to the zygote embryo, arise from diploid cells derived from the maternal sporophyte. These embryos are also genetically identical to each other and the maternal plant, but not to a fertilized zygote. Species closely related to V. rossicum have been studied and different polyembryony have been found. Guignard (1922) reported embryo cleavage in V. nigrum (L.) Moench., whereas Kordyum (1961) reported adventitious embryos developing from the integument in V. hirundinaria Medik. Adventitious polyembryony appears to be the form present in V. rossicum , but the ontogeny of supplementary embryos in this species has not been defi nitively identifi ed. Seeds of V. rossicum most often contain two embryos, although up to eight embryos have been observed in a single seed ( Smith et al., 2006 ) . The probability of producing more than one embryo in this species appears to increase with seed mass ( DiTommaso et al., 2005a ) .
Polyembryonic seeds have been hypothesized to confer several potential advantages in plants. One hypothesis suggests that increasing population densities resulting from the germination and establishment of polyembryonic seeds increases individual plant fi tness via the Allee effect ( Cappuccino, 2004 ; Ladd and Cappuccino, 2005 ) . The Allee effect can be described as increased reproductive fi tness of individuals when grown in patches rather than independently. In contrast to most other examples of Allee effects in plants, Cappuccino (2004) reported that the effect in V. rossicum was not due to differences in pollinator visitation rates, but rather, to more effective suppression of competing vegetation when growing in larger patches. A second hypothesis, " bet hedging, " proposes that polyembryonic seeds afford plants more than one opportunity to establish in a given location, especially under variable conditions ( Ladd and Cappuccino, 2005 ) . Bet hedging may occur in V. rossicum because emergence of seedlings from polyembryonic seeds can be separated by as much as 20 d (N. Cappuccino, unpublished data). Ganeshiah et al. (1991) postulated that polyembryony evolved in plants as a maternal strategy to prevent brood reduction. Ladd and Cappuccino (2005) found that polyembryony in V. rossicum was advantageous for seedling establishment in an open fi eld habitat. That is, the greater number of seedlings arising from a seed with multiple embryos in a given environment, the greater the likelihood that at least one seedling would survive damage or death.
However, the costs and benefi ts of polyembrony may vary with habitat. In particular, under conditions of low light, polyembryony may entail important costs. For a given seed size, each embryo in a polyembryonic seed is likely to have fewer seed reserves available for early growth than an embryo from a singlet seed. Therefore, seedlings arising from polyembryonic seeds may have slower initial growth and may be at a competitive disadvantage relative to those arising from singlets, especially under low light. Moreover, increased seedling densities from the germination of polyembryonic seeds in a single site may increase the intensity of sister-seedling competition and result in greater mortality of plants. Under the stress of low light, larger seeds may be more advantageous to plants than smaller seeds ( Gross and Werner, 1982; Rees, 1996 ; Moles and Westoby, 2004 ) . In a classic experiment, Grime and Jeffrey arcsine square-root transformed (2005 cohort), height data were either not transformed (1-yr-old plants from both cohorts) or log-transformed (fi nal height for both cohorts), and aboveground dry biomass data were log-transformed to improve assumptions of normality and equal variance of population distributions.
RESULTS
Site characteristics -Mean light penetration within the closed canopy plots (0.11 ± 0.02 mean light transmission coeffi cients) was approximately 60% lower than that in forest gap plots (0.28 ± 0.02 mean light transmission coeffi cients). Closed and gap habitats did not vary signifi cantly in their soil characteristics (data not shown). Temperature and precipitation during the three years of the study were higher than 30-yr means. ( Fig. 1 ) . In other words, the effect of embryo number on survival, height, and aboveground biomass did not vary with habitat.
Plant survival -After 3 yr, survival of plants (at least one sister seedling present) from the 2004 cohort was approximately 50% lower in the closed habitat (26%) compared with the gap habitat (52%) ( F 1,36 = 5.57, P = 0.024) ( Fig. 1A ) . Similarly, after 2 yr, survival of plants from the 2005 cohort was approximately 40% lower in the closed habitat (25%) relative to the gap habitat (42%) ( F 1,36 = 6.83, P = 0.013) ( Fig. 1B ) . Embryo number did not affect V. rossicum survival for either cohort ( Fig. 1A,  B ) . At the end of the experiment, the mean number of sister seedlings for surviving plants did not differ between the three embryonic classes for either cohort year (2004: F 2,36 = 0.37, P = 0.70; 2005: F 2,36 = 0.34, P = 0.72) ( Fig. 2 ) . ( Fig. 1 ) . For the 2004 cohort and across all embryonic classes, the height and aboveground biomass of plants in the closed habitat were reduced 69% and 88%, respectively, relative to plants grown in gaps ( Fig.  1C, E ) . Reductions in height and aboveground biomass for the 2005 cohort of plants across all embryonic classes and grown under forest canopy were 45% and 69%, respectively, relative to growth of plants in forest gaps ( Fig. 1D, F ) . In both cohort years, the height of seedlings was signifi cantly affected by embryo number only in the fi rst year of growth (2004: F 2,34 = 6.22, P = 0.005; 2005: F 2,35 = 7.40, P = 0.002) ( Fig. 3 ) , with singlets taller than doublets or triplets. However, there was no significant interaction between light environment and embryonic class on height, indicating that having fewer embryos per seed was not more advantageous in the low light environment compared Kendaia and Lyons silt loam soil with an organic matter content of 10.5% and pH 7.0. Soils were somewhat poorly to moderately well drained.
A total of seven plots were randomly established at this site, with each plot consisting of two paired subplots measuring 3.05 × 4.58 m. One subplot was shaded by the overstory tree canopy throughout the day, and the other subplot was exposed to morning sunlight through natural gaps in the tree canopy. Sun subplots were oriented along a north -south axis and located in the northernmost section of the canopy gap to allow maximum penetration of sunlight. These natural gaps in the tree canopy were enhanced by the removal of small shrubs and trees < 10 cm in diameter. Although some V. rossicum plants were present in the woodlot ( < 0.1 plants ⋅ m -2 ), we selected plot areas having no or few established V. rossicum plants to reduce diffi culty in identifying study plants reemerging in the following years. Within plots, all understory vegetation was removed by hand and by mechanical clipping before transplanting V. rossicum seedlings. To control established T. radicans and V. rossicum plants in several plots, however, we applied the broad spectrum herbicide glyphosate at 0.56 kg ⋅ ha − 1 using a CO 2 backpack sprayer.
Seedlings Data analysis -For each sampling date and each plot, the percentage of initial plants surviving was calculated, along with the average height and aboveground dry biomass (last sampling date only) of all surviving plants. The effects of habitat and embryo number on survival, height, and aboveground biomass were analyzed using PROC MIXED in SAS (SAS Institute, 2001) for each cycle of the study. Habitat and embryo number were treated as fi xed effects and block as a random effect. Survival data were either arcsine (2004 cohort) or [Vol. 95 factor infl uencing V. rossicum seedling survival and fi tness, although its effect may be partly indirect through modifi cation of other abiotic factors such as soil temperature and moisture.
Our results are consistent with those of previous studies demonstrating improved growth and fecundity of V. rossicum in more open habitats ( Sheeley, 1992 ; Lawlor, 2000 ) . However, as in previous studies, V. rossicum seedlings had a strong capacity to tolerate the deep shade of the closed habitat. In part, the tolerance of seedlings to low light is attributable to strong phenotypic plasticity in V. rossicum . For example, Sheeley (1992) noted greater internode length and greater specifi c leaf area for V. rossicum grown in the shade compared with the open. Our fi ndings suggest that V. rossicum utilizes a " sit-and-wait " with the high light environment as hypothesized. Initial differences in height between embryonic classes were no longer detectable after the fi rst growing season, and embryo number had no effect on fi nal aboveground biomass ( Fig. 1 ) .
DISCUSSION
Light availability -The observed increases in survival, height, and aboveground biomass of seedlings grown in gap plots relative to shaded canopy plots support the hypothesis that V. rossicum fi tness improves with greater availability of light in a forest environment. Light availability appears to be a major Note that plant survival refers to survival of at least one sister seedling arising from a given seed. For both cohorts, light environment had a signifi cant effect on fi nal survival ( P = 0.024, P = 0.013), height ( P < 0.001) and dry mass ( P < 0.001). However, effects of embryonic class and interactions between embryonic class and light environment were not signifi cant for either cohort ( P > 0.05).
the forested habitat of our study compared with the open fi eld investigated by Ladd and Cappuccino (2005) . In our study, light levels in both the gap and closed habitats were considerably lower than those in the open, old fi eld used by Ladd and Cappuccino (2005) . Under these lower light conditions, the seedlings arising from polyembryonic seeds might have been at a competitive disadvantage relative to singlet seeds with greater seed reserves, negating any potential benefi t associated with bet hedging. Higher light levels in their study may have minimized this potential cost, resulting in the overall advantage conferred by polyembryony reported in their study.
A second reason for the observed lack of an advantage to polyembryony in our study may relate to the fact that seedlings were transplanted. By transplanting seedlings, hazards associated with fi eld establishment were avoided, which may have reduced the potential benefi ts of polyembryony. On the other hand, the direct-seeding approach used by Ladd and Cappuccino (2005) may have biased their results because seedlings that did not emerge after germination would not have been recorded; if seedlings produced from polyembryonic seeds had greater preemergence mortality than seedlings produced from singlet seeds (as might be expected if polyembryonic seeds have lower seed reserves), then this approach would have overestimated the advantage of polyembryony. For example, if a V. rossicum polyembryonic seed having two embryos was sown by Ladd and Cappuccino (2005) and one of the germinated embryos failed to emerged, this case would be tallied as a " singlet " seed strategy typical of many forest understory plants that are able to survive under full canopy but rapidly respond when a disturbance such as treefall generates a gap. This shade tolerance and phenotypic plasticity may contribute to the invasive success of V. rossicum in forest communities.
Embryonic status -The number of embryos of individual seedlings had only transient effects on plant growth and did not infl uence height, aboveground biomass, or survival after two (2005 cohort) or three (2004 cohort) years of growth ( Fig. 1 ) . These results do not support the hypothesis that more embryos increase seedling growth and survival. Our fi ndings are also not consistent with those of Ladd and Cappuccino (2005) showing that seeds bearing triplet or doublet seedlings had greater establishment success (having at least one surviving sister seedling) than singlets in an open, old fi eld. By the end of the experiment, the number of seedlings surviving per seed was similar regardless of the initial embryo number of the seed ( Fig. 2 ) .
The absence of a polyembryony advantage in our study may be due to several factors. First, the effect of embryo number on survival is likely to depend on the characteristics of the habitat. For example, one of the principal hypothesized advantages of polyembryony is " bet hedging. " If one seedling from a polyembryonic seed is lost to hazards such as herbivory or drought, seedlings arising from the other embryos could potentially replace it. However, the effects of polyembryony on fi tness may vary with habitat characteristics with the costs being greater in embryo for polyembryonic seeds would be greater in the closed habitat due to reduced light availability. The idea is that smaller seed reserves should result in smaller seedlings that are less able to capture light -a cost that should be more pronounced in low light. As expected, seedlings from polyembryonic seeds were shorter than those from singlets after one year of growth ( Fig. 3 ) . However, this initial height advantage of singlets did not translate into greater survival in either of the shaded habitats ( Fig. 1 ) . One explanation for this observation is that greater height does not necessarily translate into greater light capture under a forest canopy, where the canopy is far out of reach ( Westoby et al., 1992 ) . In both habitats, neighboring competing vegetation was removed, reducing the gradient of light availability with height. Another possibility is that the differences in light availability across habitats and the differences in heights across embryonic class were too small to lead to detectable differences in performance. The relatively small height differences recorded in our study are likely to be more important in an open fi eld where the light gradient in the fi rst 30 -50 cm is much steeper.
Our study demonstrated that survival and growth of the invasive, herbaceous vine V. rossicum is favored in higher-light forest-gap understories relative to denser canopy understories. Contrary to expectations however, the levels of seed polyembryony in V. rossicum did not provide a survival or growth advantage in the higher light of forest gaps. It is possible that any advantage of polyembryonically derived V. rossicum plants will be apparent only in much higher light environments such as old fi elds. Therefore, our fi ndings indicate that any fi tness advantage afforded V. rossicum via the production of seeds having multiple embryos may be habitat (i.e., light availability) dependent and not a general trait that benefi ts this invasive plant in all habitats that it has colonized. LITERATURE CITED and not as a " polyembryonic " seed. This " singlet " seed would likely have a lower seed mass, and the resulting " singlet " seedling may not grow as well as a seedling emerging from a truly singlet seed with one embryo. This scenario would then dilute the growth advantage theoretically associated with larger, single-embryo seeds. To avoid these problems, development of an approach to determine the polyembryonic status of seeds before the experiment, followed by direct seeding would be ideal.
Embryo number and light availability -Contrary to expectations, the effect of embryo number did not vary with habitat for any of the responses measured ( Fig. 2 ) . We had hypothesized that the costs associated with reduced seed reserves per For both cohorts, light environment ( P < 0.001) and embryonic class ( P = 0.004; P = 0.002) had signifi cant effects on height after one growing season. Interactions between light environment and embryonic class were not signifi cant for either cohort ( P > 0.05).
